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Human coronaviruses are one of the main causes of upper respiratory tract infections in humans. While 
more often responsible for mild illness, they have been associated with illnesses that require hospitaliza- 
tion. In this study, an assay for one of the human coronaviruses, OC43, was developed using a truncated 
recombinant nucleocapsid (N) protein antigen in an enzyme immunosorbent assay (ELISA) and evalu- 
ated using serum collected from HCoV-OC43-infected patients, healthy adults, and patients with other 
respiratory virus infections. Results showed that the diagnostic sensitivity and specificity of the assay 


ae kee were 90.9% (10/11) and 82.9% (39/47), respectively. To evaluate the clinical utility of the ELISA, serum 
Immunoassay samples collected from patients during an outbreak of HCoV-OC43 infection and previously identified as 
Nucleocapsid positive by HCoV-OC43 whole N ELISA were screened resulting in 100% diagnosis agreement between 
Serology the testing methods. These results suggest that this assay offers a reliable method to detect HCoV-OC43 
HCoV-0C43 infection and may be a useful tool in coronavirus seroepidemiological studies. 


Published by Elsevier B.V. 


1. Introduction 


Human coronaviruses (HCoVs) were first identified in the 1960s 
(Hamre et al., 1967), but with the worldwide outbreak of severe 
acute respiratory syndrome (SARS) in 2003 and the subsequent iso- 
lation of new HCoV family members (van der Hoek et al., 2004; Woo 
et al., 2005), considerable attention has recently been focused on 
understanding their molecular diversity, prevalence, and clinical 
impact. Sequence analyses have classified the four identified HCoVs 
into two groups with group 1b containing HCoV-229E and HCoV- 
NL63 and group2a containing HCoV-OC43 and HCoV-HKU1 (Woo 
et al., 2009). Seroprevalence estimates for HCoVs range from 5 to 
30% of all respiratory infections (Woo et al., 2005). Though infec- 
tions are primarily associated with mild respiratory symptoms, 
HCoV-OC43 and other coronaviruses have been linked to severe 
infections, neuroinvasive disease, and even fatalities in vulnera- 
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ble subpopulations such as the elderly, prompting further interest 
in HCoV-OC43 epidemiology (Arbour et al., 2000; Patrick et al., 
2006; Rota et al., 2003). However, epidemiologic surveys and large 
scale surveillance studies have been limited by the sensitivity and 
specificity of current diagnostic approaches (Lehmann et al., 2008). 
HCoV infection can induce antibodies that cross react among the 
HCoVs making it difficult to estimate prevalence of infection for the 
different HCoV viruses without doing neutralization assays. Devel- 
opment of more specific enzyme immunoassays (EIAs) for the HCoV 
strains would help to clarify strain-specific patterns of infection. A 
highly specific, rapid diagnostic assay would significantly improve 
surveillance and the investigation of HCoV-OC43 distribution. 
Coronaviruses are made up of a single positive-strand RNA 
genome encoding four major structural proteins, spike (S), nucle- 
ocapsid (N), membrane (M), and envelope (E). The nucleocapsid 
protein has been recognized as an important target in the devel- 
opment of HCoV diagnostics because it reliably induces a good 
antibody response (Mourezet al., 2007). However, the N protein has 
sequences that are conserved among HCoVs and, therefore, anti- 
bodies detected may have been induced by other HCoVs resulting 
in a false positive results for the HCoV strains of interest (Chan 
et al., 2009; Mourez et al., 2007; Severance et al., 2008). Anal- 
ysis of the aa sequence of HCoV N proteins suggests that parts 
of the protein could provide a more specific antigen for EIAs. To 
investigate this possibility, serologic assays using truncated recom- 
binant HCoV-OC43 N proteins were developed and evaluated in 
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indirect enzyme-linked immunosorbant assay (ELISA) against a 
serum samples from HCoV-OC43 (group 2a), HCoV-229E (group 
1b), and SARS-CoV (group 2b) infected patients. Each antigen was 
assessed for its diagnostic accuracy, optimal cut-off, and sensitivity 
and specificity. One of the truncated OC43 N proteins gave minimal 
cross-reactivity and allowed for serological differentiation of past 
HCoV-O0C43 infection from other CoV infections and to estimate 
seroprevalence of HCoV-OC43 in 162 healthy adults. 


2. Materials and methods 
2.1. Serum specimens 


Acute and convalescent phase sera from HCoV-229E (n=17 
acute; n=10 convalescent) and HCoV-OC43 (n=15 acute; n=11 
convalescent) patients were kindly provided by Dr. Ann Falsey 
(University of Rochester School of Medicine). These sera exhib- 
ited at least fourfold rise in HCoV-229E and HCoV-OC43 antibody 
titers when tested by whole virus EIA (A. Falsey, personal com- 
munication). Serum samples were collected from 20 patients with 
laboratory-confirmed SARS-CoV infection and 162 healthy adult 
donors with no exposure to SARS-CoV. An additional 19 acute (n=8) 
and convalescent (n=11) specimens collected from 12 patients 
(n=10 HCoV-OC43 positive; n=2 HCoV-OC43 negative) during a 
respiratory outbreak in a Wisconsin nursing home in the Fall of 
2008 with HCoV-OC43 infection status determined by real-time 
PCR (Wisconsin State Laboratory of Hygiene and CDC) and/or serol- 
ogy testing (CDC). Specimens used in this study were exempt from 
CDC Institutional Review Board review under 45 CFR 46.101 (b) 
(4). Polyclonal mouse sera against HCoV-HKU1 and HCoV-NL63 
was collected from 10 to 12 week old mice subcutaneously (s.c.) 
immunized with 50 ug/ml of recombinant HCoV-HKU1 N or HCoV- 
NL63 N proteins emulsified 1:1 with TiterMax Gold (Sigma) the 
hind limb. Mice were boosted 2-3 weeks post-immunization using 
the same dose of antigen in Dulbecco’s phosphate buffered saline 
by intraperitoneal administration. Two weeks after the final boost, 
animals were euthanized and blood was collected. Antibody titers 
were determined by screening serum samples against the immu- 
nizing antigen. All studies were performed in accordance with the 
guidelines of the Institutional Animal Care and Use Committee. All 
serum samples were kept in aliquots at <—20°C until use. 


2.2. Nucleocapsid protein sequence homology among CoVs 


The protein sequence of HCoV-OC43N protein (GenBank ID: 
AY585228) was compared by National Center for Biotechnical 
Information (NCBI) pair wise BLAST to the N protein sequence for 
group 1 HCoVs 229E (GenBank ID: DQ243939) and NL63 (GenBank 
ID: AY567487), and group 2 HCoV HKU1 (GenBank ID: DQ778921) 
as well as SARS-CoV (GenBank ID: AY310120). Sequences corre- 
sponding to the truncated HCoV-OC43 N proteins were also aligned 
with the whole N protein sequences of other CoVs. 


2.3. Expression and purification of truncated recombinant 
nucleocapsid proteins 


HCoV-OC43 RNA was extracted from the lysate of infected 
HRT18 cells (gift from D. Erdman, CDC) using QIAMP™ Viral RNA 
Kit (Qiagen, Valencia, CA). Truncated HCoV-OC43 N genes were 
amplified by reverse transcriptase (RT)-polymerase chain reac- 
tion (PCR) with primers designed from previously reported 
nucleotide sequence of HCoV-OC43 N gene (GenBank ID: 
NC_005147). The oligonucleotide primers for the truncated 
HCoV-OC43 N1 (aal-119), HCoV-OC43 N2 (aa120-332), and 
HCoV-0C43 N3 (aa333-448) were OC43 N1 forward primer 5/- 
GGATCCCATATGTCTTTTACTCCTGGTAAGC-3’, and reverse primer 


5’-CTCGAATTCTTATTATTGACGCTGGTTGCCATCGGC-3’, HCoV- 
OC43 N2 forward primer 5'/-GGATCCCATATGCTGCTGCCACGATG- 
GTATTTTTAC-3’ and reverse primer 5’-CTCGAATTCTTATTATAATCT 
TGATCCAAAGAAAAACGC-3’, HCoV-O0C43 N3 forward primer 
5’-GGATCCCATATGGAGTTGGCCAAAGTGCAGAAT-3’, and reverse 
primer 5/-CICGAATTCITATTATAT TICIGAGGTGTCTTCAGT-3’. 
The amplified genes were cloned into a pET-28 vector encoding 
a C-terminal polyhistidine (His), tag (gift from Dr. Xin Zhang, 
Emory University). Sequence identity of expression constructs 
was confirmed by sequencing. The pET-28 constructs were trans- 
formed into Escherichia coli strain BL21 (DE3) cells (Invitrogen, 
Carlsbad, CA), and the expression of recombinant proteins was 
induced by addition of isopropyl-l-thio-D-galactopyranoside 
(IPTG). The recombinant proteins were purified by metal affinity 
chromatography (QIAGEN, Valencia, CA), separated (2 wg/well)on 
a 4% stacking, 20% resolving Criterion® gradient gel (BioRad Labo- 
ratories, Hercules, CA) and analyzed by Coomassie Blue stain. The 
control antigen, purified protein from E. coli containing pET-28 
vector without the N gene, was expressed as described above. 
The whole HCoV-OC43 N protein was expressed and purified as 
described above. Purified protein was analyzed by SDS-PAGE and 
Western blot and the expected protein size (~55 kD) and reactivity 
was confirmed (data not shown). 


2.4. Western blot analysis 


Purified His-tagged recombinant nucleocapsid proteins 
(0.25 wg/well) were separated by SDS-PAGE (4-20%) (BioRad 
Laboratories, Hercules, CA) and transferred onto PVDF membranes 
(Amersham Biosciences). PageRuler™ Plus (Fermentas, Glen 
Burnie, Maryland) was used as a molecular weight standard. After 
transfer, membranes were incubated for 1 hat room temperature in 
blocking buffer containing 20 mM Tris 137 mM NaCl, 0.1% Tween- 
20 (TBS-T) and 3% bovine serum albumin (BSA). The membranes 
were washed twice with 20 mM TBS-T and then incubated for 1h 
at room temperature with 1:3000 dilution of Tetra-His antibody 
(Qiagen, Valencia, CA) in blocking buffer. Membranes were washed 
twice in 20 mM Tris and incubated at room temperature for 1 hr. 
with 1:3000 dilution of horseradish perioxidase (HRP)-conjugated 
goat anti-mouse IgA+IgM+IgG antibody (KPL, Gaithersburg, MD) 
in blocking buffer. The membranes were washed and reacted with 
enhanced chemiluminescence fluorescence system (GE Health- 
care, Piscataway, NJ) for 5min. Chemiluminiscent signal was 
acquired with a Typhoon 9400 imager (GE Healthcare, Piscataway, 
NJ) and analyzed using ImageQuant software. After analysis with 
pooled convalescent HCoV-OC43 sera, the faint bands seen at N1 
and N2 fragments were determined to be non-specific. 


2.5. ELISA optimization for recombinant N protein fragments and 
whole N protein antigens 


Recombinant HCoV-OC43 N protein indirect ELISA was devel- 
oped using a modified version of the recombinant SARS-CoV N 
protein ELISA as previously described (Haynes et al., 2007). Briefly, 
flat bottom Immulon ELISA plates (Thermo Scientific, Rochester, 
NY) were coated with purified recombinant HCoV-0C43 N protein 
(6.75 ng/well), HCoV-OC43 N1 protein (6.75 ng/well), HCoV-OC43 
N2 protein (12.5 ng/well), or HCoV-OC43 N3 protein (25 ng/well) 
and control antigen (6.75-25 ng/well depending on positive anti- 
gen) in sterile phosphate buffered saline (PBS) pH7.4 and incubated 
overnight at 4°C. Optimal concentration for each antigen was 
determined by checkerboard titration (data not shown). Plates 
were washed three times with PBS containing 0.05% Tween-20 
(PBS-T), and incubated with 1:200 dilution of serum in PBS contain- 
ing 5% skim milk and 0.05% Tween-20 (PBS-T-M) for 1 hr at 37°C. 
After incubations, the plates were washed three times in PBS-T 
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and incubated with 1:3000 dilution of HRP-conjugated goat anti- 
human IgG (H+L, KPL, Gaithersburg, MD) in PBS-T-M for 1 hat 37°C. 
After subsequent washing, 2,2’-azino-di-(3-ethylbenzthiazoline-6- 
sulfonate) ABTS® peroxidase substrate (KPL, Gaithersburg, MD) 
was added to each well and incubated at 37°C for 30min. The 
reaction was stopped using ABTS® peroxidase stop solution and 
read at an absorbance of 405nm with a 490nm reference filter. 
The OD values of the negative control wells were subtracted from 
the OD values of antigen-coated wells and the average OD values of 
the antigen-coated wells were calculated. Mean OD values above 
0.2 from non-HCoV-OC43 serum samples were considered cross- 
reactive. ELISA results were confirmed by evaluating a subset of 
samples by Western blot. 


2.6. Statistical analyses 


Receiver-operating characteristic (ROC) analysis, area under the 
curve (AUC), and optimal test cut-offs were determined using 
Microsoft Excel as described previously (Greiner, 1995; Greiner 
et al., 1995). Briefly, diagnostic sensitivity (Se) and specificity (Sp) 
were estimated by comparing ELISA test results with “Gold Stan- 
dard” results (as specified for each virus above) for HCoV-OC43 
positive and negative samples. Diagnostic accuracy was demon- 
strated with ROC analysis of the ELISA test by plotting Se against 
1-Sp, and was summarizes in the AUC value. Optimal test cut-off 
values were ascertained by plotting the percent sensitivity and 
specificity against OD4g5 values, and determining the intersection 
of the two curves. 


3. Results 


3.1. Expression and purification of recombinant truncated 
HCoV-OC43 nucleocapsid proteins 


Truncated HCoV-OC43 N proteins were amplified, cloned, and 
expressed in a pET-28 vector with a C-terminal (His)g-tag, as 
described in Section 2. After purification, the proteins were ana- 
lyzed by SDS-PAGE (Fig. 1A) and Western blot for reactivity to 
anti-His antibody (Fig. 1B). As expected, bands were observed 
at approximately 55kDa for HCoV-OC43 N (data not shown), 
17 kDa for HCoV-OC43 N1 (aa1-119), 25kDa for HCoV-OC43 N2 
(aal20-332), and 17.5kDa for HCoV-OC43 N3 (aa333-448). The 
resulting proteins were used as antigens in subsequent immunoas- 
Says. 

The full length N protein of HCoV-OC43 showed between 
6.5% and 64.9% homology with other CoV N proteins. HCoV-OC43 
showed the highest sequence homology with HCoV-HKU1, another 
group 2a HCoV. The truncated HCoV-OC43 N proteins showed less 
sequence homology with other CoVs, with HCoV-OC43 N3 show- 
ing the least sequence homology overall. Sequence homology (% 
amino acid identities) of the truncated HCoV-OC43 proteins with 
other CoVs is shown in Table 1. 


3.2. Screening HCoV positive sera for immunoreactivity to 
HCoV-0C43 N protein fragments 


To evaluate the antibody response to truncated HCoV-OC43 N 
proteins, the antigen specific IgG titers of twenty-six acute (n= 15) 
and convalescent sera (n=11) from HCoV-OC43 patients were 
screened for reactivity as shown in Fig. 2. All three HCoV-OC43 N 
proteins were detected by antibodies in convalescent-phase serum 
specimens with an average OD greater than 0.3; however, detec- 
tion by acute-phase sera was limited (Fig. 2A). The predominant 
HCoV-OC43 antibody response was against HCoV-OC43 N3 pro- 
tein (11 out of 11) followed by responses to HCoV-OC43 N2 (4 out 
of 11) and HCoV-0C43 N1 (3 out of 11). An additional 47 serum 
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Fig. 1. Analysis of the purified recombinant truncated HCoV-OC43 nucleocapsid 
(N) proteins by SDS-PAGE (A) and Western blot (B). Proteins were separated by 
SDS-PAGE and analyzed by immunoblotting using anti-His antibody. Lane 1: HCoV- 
OC43 N1 truncated protein (aa1-119); lane 2: HCoV-OC43 N2 protein (aa120-332); 
lane 3: HCoV-OC43 N3 protein (aa333-448). Expected band sizes: HCoV-OC43 
N1 (aa1-119) 17kDa, HCoV-OC43 N2 (aa120-332) 25kDa, and HCoV-OC43 N3 
(aa333-448) 17.5 kDa. 
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Table 1 

Amino acid sequence homology between coronavirus nucleocapsid proteins. 
Cov HCoV-0C43? 

N N1 N2 N3 

SARS-CoV 29.9%° 39.5% 45.1% 19.8% 
HCov-229E 24.7% 18.5% 38.0% 7.8% 
HCov-HKU1 64.9% 81.5% 73.7% 48.3% 
HCoV-NL63 6.5% - 17.3% 18.1% 


* Human Coronavirus OC43 (GenBank ID: AY585228) full-length Nucleocapsid 
protein (N), and truncated proteins N1 (aa1-119), N2 (aa120-332), and N3 (aa 
333-448). 

> Sequences for the whole nucleocapsid protein for each coronavirus was com- 
pared to sequences for whole or truncated HCoV-OC43 N protein. Nucleocapsid 
protein accession numbers: SARS-CoV (GenBank ID: AY310120), Human corona- 
virus 229E (GenBank ID: DQ243939), Human coronavirus HKU1 (GenBank ID: 
DQ778921), Human coronavirus NL63 (GenBank ID: AY567487). 

© Values represent percent amino acid identities as determined using National 
Center for Biotechnical Information (NCBI) Blast. 


samples from convalescent SARS-CoV (n=20) and acute and con- 
valescent (n = 27) HCoV-229E-infected patients were also screened 
by ELISA to determine the reactivity to the HCoV-OC43 antigens 
(Fig. 2A). Two serum samples, one acute and one convalescent, from 
different HCoV-229E patients showed reactivity to HCoV-OC43 N3 
antigen (7.4%); while the convalescent sera from six SARS patients 
(30%) showed reactivity to the HCoV-OC43 N3 protein fragment. 
In contrast to HCoV-OC43 N3 fragment, 20 out of 27 (74%) serum 
samples from HCoV-229E patients and all SARS-CoV serum sam- 
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Fig. 2. Specificity and cross-reactivity of patient sera samples for truncated human 
coronavirus OC43 (HCoV-OC43) N protein antigen candidates. (A) Sera samples 
acute HCoV-OC43 (n=15), convalescent OC43 (n=11), HCoV-229E (n=27), and 
SARS-CoV serum samples (n=20) were screened for reactivity to HCoV-OC43 N1, 
N2 and N3 truncated proteins. Error bars represent the standard error of the mean. 
(B) Sera from HCoV-229E patients (n=27), and SARS-CoV patients (n=18), were 
screened for cross-reactivity against HCoV-OC43 whole nucleocapsid and HCoV- 
OC43 N3 proteins by ELISA. Specimens were run in duplicates and the optical 
densities at 405nm (OD,o5) with a 490nm reference filter for each samples are 
shown. The line represents the median OD values for each sample set. 


ples (100%) showed reactivity to the whole HCoV-OC43 N protein 
(Fig. 2B). The level of absorbance in convalescent-phase sera from 
HCoV-229E and SARS-CoV infected persons against HCoV-OC43 N3 
antigen was 88-90% lower than that against the HCoV-OC43 whole 
N antigen suggesting less cross-reactivity of the non-HCoV-OC43 
sera to the truncated HCoV-OC43 N3 ELISA (Fig. 2B). Due to limited 
availability, serum samples from confirmed HCoV-HKU1 (group 2a) 
or HCoV-NL63 (group 1b) - infected patients were not evaluated. 
However, hyperimmune sera from mice immunized against HCoV- 
HKU1 N protein or HCoV-NL63 N protein were tested and showed 
no reactivity to HCoV-OC43 N3 protein and minimal reactivity to 
whole HCoV-OC43 N protein (data not shown). Based on the strong 
reactivity of HCoV-OC43 sera to the HCoV-OC43 N3 protein, with 
minimal cross-reactivity to other CoV sera, this antigen was chosen 
for further evaluation. 


3.3. Determination of assay cut-off values for positive test results 


A panel of known HCoV-OC43 positive and negative samples 
was screened and Receiver Operating Characteristic (ROC) analysis 
was utilized to determine the assay cut-off. ROC analysis allows 
for data that is not normally distributed and for evaluation of 
sensitivity and specificity to be determined separately. The null 
hypothesis of ROC analysis is that the testing method is no bet- 
ter than flipping a coin, as would be demonstrated by a diagonal 
line on the ROC curve and an area under the curve (AUC) equal to 
0.5 while a perfect test would have an AUC of 1. Given the limited 
detection of the HCoV-OC43 acute sera by HCoV-OC43 N3 pro- 
tein (Fig. 2A), ROC analysis was completed based on the results 
of screening 11 HCoV-OC43 positive convalescent and 47 nega- 
tive serum specimens (Fig. 3). AUC value for HCoV-OC43 N3 was 
0.894 (data not shown). Optimal cut-off values for positive test 
results were determined by plotting percent sensitivity and speci- 
ficity against OD cut-off values (Fig. 3A). The cut-off value was 
set at 0.161 (OD.zg5 value at intersectional point in Fig. 3A) with 
a corresponding sensitivity of 90.1% and specificity of 82.9%. With 
this cut-off value, 10 out of 11 HCoV-OC43 convalescent samples 
had positive test results with the remaining sample producing a 
borderline result. The sensitivity of the HCoV-OC43 N3 protein 
ELISA was comparable to that of the whole HCoV-OC43 N pro- 
tein ELISA (Fig. 3B). While the overall mean OD values for both 
acute and convalescent specimens were higher using the whole 
HCoV-O0C43 N protein ELISA, the HCoV OC43 N3 ELISA had a better 
ability to detect rise in antibody titer between acute and conva- 
lescent specimens than the whole HCoV-OC43 N protein ELISA. 
Using the established cut-off value, the 47 HCoV-229E (n=27) 
and SARS (n= 20) serum samples were re-screened by HCoV-OC43 
N3 ELISA. One acute and one convalescent serum sample from 
two HCoV-229E patients and convalescent sera from six SARS 
patients showed reactivity to HCoV-OC43 N3 protein for 82.9% 
specificity (Fig. 4A). The overall assay performance is summarized 
in Table 2. 


3.4. Estimation of HCov-OC43 seroprevalence from a panel of 
healthy adults 


A panel of sera collected from 162 healthy adult donors was 
evaluated to determine HCoV-OC43 seroprevalance (Fig. 4B). Sera 
from 25 adult donors were positive for the presence HCoV-OC43 
N3 antibodies. Results that fell within the 95% confidence interval 
of the cut-off (0.13 <OD<0.16) value were considered borderline 
results (n=5). Borderline positive samples were confirmed positive 
by Western blot analysis (data not shown). The resulting seropreva- 
lence for HCoV-OC43 infection was 18.5% (30/162). 
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Fig. 3. Cut-off analysis for Human coronavirus OC43 (HCoV-OC43) N3 based ELISA 
and comparison with HCoV-OC43 whole N based ELISA. (A) The association between 
sensitivity (Se) and specificity (Sp) and OD value cut-offs for the HCoV-OC43 N3 
based ELISA was determined (B) Comparison of average optical densities (OD.o5 ) for 
acute (n=15) and convalescent (n= 11) HCoV-OC43 samples against HCoV-OC43 N3 
and whole HCoV-OC43 N based ELISAs. 


3.5. Assay utility in surveillance outbreak setting 


To evaluate the surveillance performance of the assay, nine- 
teen acute and convalescent serum specimens collected from 12 
patients during an outbreak of HCoV-OC43 infection in a long-term 
care facility located in Wisconsin were screened. The infection sta- 
tus of the patients was previously determined by RT-PCR and/or 
serological diagnostic analysis. The N3 assay detected 6 out of 8 
(75%) acute and 8 out of 9 (88.9%) convalescent specimens as pos- 
itive (Fig. 5). Two additional convalescent serum specimens from 
two patients were negative (data not shown). Consistent with pre- 
vious diagnostic testing, 10 out of the 12 patients were considered 
seropositive for HCoV-OC43 and the two remaining patients were 
seronegative as determined by this ELISA. 


4. Discussion 


The CoV nucleocapsid protein has been used as antigen for the 
serological diagnosis of infection, but conservation in sequence 


Table 2 
Summary of human coronavirus OC43 N3 based ELISA test results. 


Sample type % Sensitivity (pos/total) 
HCoV-OC43? 90.1% (10/11) 
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Fig. 4. Scatter chart of absorbance values with representative sera from (A) HCoV- 
OC43 (0C43), HCoV-229E (229E), SARS patients and (B) healthy U.S. blood donors 
(NHS) for IgG antibodies tested by HCoV-OC43 N3 protein based ELISA. Results are 
plotted as optical density values at 405 nm with a 490-nm reference filter. The black 
line indicates the cutoff value of 0.161 as determined by ROC analysis. 
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Fig. 5. Graph of absorbance values with acute (n=8) and convalescent (n= 9) speci- 
mens from 10 patients collected during an HCoV-OC43 outbreak for IgG antibodies 
to recombinant HCoV-OC43 N3 protein. Results are plotted as optical density values 
at 405 nm with a 490-nm reference filter. The black line indicates the cut-off value 
of 0.161. 


% Specificity (neg/total) % Seropositive 


82.9% (39/47) x 
a 18.5% (30/162) 


2? Human coronavirus OC43 (HCoV-OC43) positive convalescent human patient samples (n=11). Data is based on the cut-off determined in the ROC analysis. 
> Non-HCoV-OC43 respiratory samples: human samples positive for human coronavirus 229E (n=27) and SARS coronavirus (n= 20). 


© Healthy adult donor samples (n= 162). 
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homology among various CoV N proteins has led to the need for 
more specific antigens to detect antibodies against a specific HCoV. 
Included in the CoV N protein, is a highly conserved region (FYYL- 
GTGP; aa125-132 of HCoV-OC43) that occurs in the N-terminal 
portion (Rota et al., 2003) which, if immunogenic, would induce 
cross-reactivity antibodies against other coronaviruses (Chan et al., 
2009; Sun and Meng, 2004; Woo et al., 2004; Patrick et al., 2006). 
One approach to reduce antigenic cross-reactivity was to divide 
the HCoV-OC43 N protein into three regions and evaluate the 
resultant truncated proteins with serum specimens from HCoV- 
OC43-infected, HCoV-229E-infected, or SARS CoV-infected persons 
in these antibody assays. As expected, both HCoV-229E and SARS- 
CoV positive sera showed reactivity to the N2 protein but no 
reactivity to the N1 protein. The HCoV-OC43 positive sera showed 
comparable reactivity to both N1 and N2 fragments. Serum samples 
positive for other CoV infections (i.e. SARS and HCoV-229E) showed 
low to moderate reactivity and convalescent-phase HCoV-OC43 
sera showed high reactivity to the N3 protein. Acute phase HCoV- 
OC43 sera showed minimal reactivity to all truncated N proteins 
consistent with their origin from individuals susceptible to infec- 
tion. The lack of reactivity against these acute-phase specimens also 
demonstrates that assays based on these proteins are more specific 
than those based on full length N (Fig. 4B). Of the three truncated 
proteins, the HCoV-OC43 N3 fragment had the lowest sequence 
homology with other coronavirus nucleocapsid proteins and was 
associated with the highest signal in convalescent HCoV-OC43 sera. 
It was chosen as the antigen for the additional evaluation. 

The ROC analysis provided a means to determine assay cut- 
off value in this population in whom prior infection status and 
expected antibody positivity was unknown. With this cutoff value, 
the HCoV-OC43 N3 based ELISA exhibited a high diagnostic accu- 
racy. Although the sample size of HCoV-OC43 specimens limited 
the power of the cut-off calculations, the HCoV-OC43 N3 based 
assay demonstrated a strong ability to confirm positive results with 
10 out of 11 convalescent HCoV-OC43 specimens confirmed, and 
the remaining specimen having a borderline positive result. Expan- 
sion of the HCoV serum panel to include other group 2a samples and 
increasing the overall sample number could improve the diagnostic 
accuracy and refine the cut-off values for positive and borderline 
test results. 

Using the truncated HCoV-OC43 N3 ELISA, a seroprevalence of 
18.5% in 162 healthy adults for HCoV-OC43 infection was demon- 
strated and is consistent with early epidemiologic surveys showing 
that HCoV-OC43 is responsible for 15-30% of upper respiratory 
tract infections (McIntosh et al., 1974; Wege et al., 1982; Larson 
et al., 1980). While consistent with early seroepidemiologic studies, 
our seroprevalence rates are lower than recently reported rates for 
HCoV-0C43 of 88-100% using recombinant whole nucleocapsid- 
based IgG ELISA, IFA and Western blot assays (Mourez et al., 
2007; Severance et al., 2008). In those studies the use of whole 
HCoV-0C43 N protein may have given too high a rate of past infec- 
tion because it detected antibodies induced by other HCoVs that 
cross-react with the N protein. In this study, the HCoV-OC43 N3 
ELISA detected antibodies in two serum samples from HCoV-229E 
patients and sera from six SARS patients. These antibodies could 
represent prior HCoV-OC43 infection or antibodies that induced 
by these viruses that cross react with HCoV-OC43. Due to the 
limited availability of human sera collected after confirmation 
of HCoV-HKU1 and HCoV-NL63 infection, polyclonal sera from 
mice immunized with HCoV-HKU1 or HCoV-NL63 N proteins were 
screened and did not show any reactivity to HCoV-OC43 N3 protein 
further demonstrating the specificity of the assay. 

Respiratory outbreaks associated with HCoV-OC43 have been 
reported and highlight the potential virulence of HCoV-OC43 infec- 
tions in vulnerable populations, such as the elderly in care facilities 
and hospitalized individuals with underlying chronic conditions 


(Patrick et al., 2006; Birch et al., 2005; Falsey et al., 2002; El-Sahly 
et al., 2000; Glezen et al., 2000). This study suggests that the HCoV- 
OC43 N3 assay provides a serologic tool to assist in investigations 
of HCoV outbreaks and surveillance studies. 
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